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Transgression into adjacent uplands is an important global response of coastal wetlands
to accelerated rates of sea level rise. “Ghost forests” mark a signature characteristic
of marsh transgression on the landscape, as changes in tidal inundation and salinity
cause bordering upland tree mortality, increase light availability, and the emergence of
tidal marsh species due to reduced competition. To investigate these mechanisms of
the marsh migration process, we conducted a field experiment to simulate a natural
disturbance event (e.g., storm-induced flooding) by inducing the death of established
trees (coastal loblolly pine, Pinus taeda) at the marsh-upland forest ecotone. After this
simulated disturbance in 2014, we monitored changes in vegetation along an elevation
gradient in control and treatment areas to determine if disturbance can lead to an
ecosystem shift from forested upland to wetland vegetation. Light availability initially
increased in the disturbed area, leading to an increase in biodiversity of vegetation with
early successional grass and shrub species. However, over the course of this 5-year
experiment, there was no increase in inundation in the disturbed areas relative to the
control and pine trees recolonized becoming the dominant plant cover in the disturbed
study areas. Thus, in the 5 years since the disturbance, there has been no overall shift
in species composition toward more hydrophytic vegetation that would be indicative of
marsh transgression with the removal of trees. These findings suggest that disturbance
is necessary but not sufficient alone for transgression to occur. Unless hydrological
characteristics suppress tree re-growth within a period of several years following
disturbance, the regenerating trees will shade and outcompete any migrating wetland
vegetation species. Our results suggest that complex interactions between disturbance,
biotic resistance, and slope help determine the potential for marsh transgression.
Keywords: transgression, sea level rise, marsh, forest, ecology
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change are critical. Abiotic factors such as inundation, soil
salinity, and light availability are thought to be important
drivers of marsh transgression (Poulter et al., 2009; Gedan and
Fernández-Pascual, 2019; Taillie et al., 2019). However, there is
a paucity of information on how changes in the forest canopy
influence these abiotic factors as a forest transitions to marsh
(Brinson et al., 1995; Fagherazzi et al., 2019). Light, inundation,
and salinity potentially interact to create distinct ecotones across
the marsh-upland forest boundary (Poulter et al., 2008, 2009;
Taillie et al., 2019; Jobe and Gedan, 2021). Moreover, these abiotic
factors can change slowly over time due to press changes such
as sea level rise or can change rapidly due to pulse disturbances
(Bender et al., 1984). Understanding these interacting factors
is difficult with remote sensing and field-based monitoring in
natural ecosystems.
It is also critical to monitor the successional shifts in
vegetation, as the shift from upland to marsh is not immediate,
and transitional communities are likely to have unique functional
traits (Gedan and Fernández-Pascual, 2019). Forest species can
also exhibit resistance to sea level rise which can inhibit marsh
transgression in the short term (Field et al., 2016). This upland
forest resistance could delay the transgression process until sea
level crosses an elevation threshold, leading to direct conversion
of forest to low marsh or ponds, “skipping” intermediate
successional stages, and leading to loss of habitat function (Field
et al., 2017a). Thus, experimental studies of the plant community
at the marsh-upland forest boundary are needed to track the early
stages and mechanisms of marsh plant species establishment and
invasion across the marsh upland gradient.
We initiated a field experiment to better understand the
role of disturbance in upland forests to potentially shift this
system to one dominated by tidal wetland plant species. To
better constrain the mechanisms of marsh transgression, we
measured changes in vegetation after disturbance to a coastal
marsh-adjacent forest along an elevation gradient to determine if
tree mortality can lead to an ecosystem shift from forested upland
to wetland vegetation.

INTRODUCTION
Transgression into adjacent uplands is an important response
of coastal wetlands that are threatened by accelerated rates of
sea level rise (Raabe and Stumpf, 2016; Schieder and Kirwan,
2019). Where marshes are unable to migrate landward, it is likely
that rising sea level and sediment budget deficiencies will lead
to ecosystem loss in many regions around the globe (Schuerch
et al., 2018). The formation of “ghost forests”—stands of dead
trees in marshes—marks a signature characteristic of where
transgression occurs on the landscape (Kirwan and Gedan, 2019;
Schieder and Kirwan, 2019). The ability of marshes to transgress
upslope as a means of responding to sea level rise varies and
is dependent on upslope conditions and barriers to migration
(Carr et al., 2020). Geological formations (Mitchell et al., 2017)
and steep slopes (Kirwan et al., 2016) control the amount of
land potentially available for transgression. Human interactions
in the form of physical barriers such as roads, seawalls, levees, and
other infrastructure prevent transgression in areas where it would
otherwise occur (Enwright et al., 2016; Borchert et al., 2018).
Humans also create socio-economic barriers to transgression
such as private landowners mowing areas with potential wetland
vegetation (Anisfeld et al., 2017) and agricultural practices of
altering natural hydrology via digging ditches and building
impoundments (Smith et al., 2017). Additionally, even in a
natural setting with upslope areas within the range for potential
transgression, ecological barriers are present in the form of
competition with invasive species with low habitat value (i.e.,
Phragmites australis) (Smith, 2013) and the resiliency of preexisting forest ecosystems where mature trees experience low
mortality rates (Field et al., 2016).
Management plays a critical role in how transgression will
occur, as adaptable strategies can facilitate marsh migration
by removing upland barriers (Smith et al., 2017). “Managed
retreat”—where human communities strategically relocate
from low-lying coastal areas—can lead to a mutual benefit
for increasing the opportunity for transgression of coastal
ecosystems and human communities (Song et al., 2018). Another
management strategy is to identify migration corridors where
elevation is in the range for potential transgression and there
are no physical barriers (Enwright et al., 2016) and to purchase
easements from private landowners (Field et al., 2017b).
Landowners with a vested interest in maintaining marsh habitat,
that are poised along natural migration corridors (e.g., U.S. Fish
and Wildlife Service National Wildlife Refuges) are uniquely
positioned to take advantage of “planned retreat” strategies.
However, more research is required to guide these agencies
to make informed decisions about where and when marsh
migration into adjacent uplands is likely to occur.
Recent remote sensing work illustrates that marsh migration
into coastal forests is both rapid and geographically widespread
(Smith, 2013; Enwright et al., 2016; Raabe and Stumpf, 2016;
Borchert et al., 2018; Schieder et al., 2018; Ury et al., 2021).
However, a better understanding of the mechanisms responsible
for ecosystem transgression is needed to inform both models for
projecting future transgression and management decisions. To
do this, field studies that address the mechanisms of ecological
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MATERIALS AND METHODS
Study Site Description
The mid-Atlantic coast of North America is identified as a “hot
spot” for eustatic sea level rise (Sallenger et al., 2012), with relative
rates even higher in the Chesapeake Bay due to subsidence (Boon
et al., 2010; Boesch et al., 2018). Additionally, the Chesapeake
Bay is identified as a hot spot for both marsh loss and upland
transgression in response to sea level rise (Stevenson et al., 1986;
Mitchell et al., 2017; Schepers et al., 2017; Schieder et al., 2018).
The setting for this study is at the U.S. Fish and Wildlife Service’s
Blackwater National Wildlife Refuge (USFWS BNWR), on the
Eastern Shore of the Chesapeake Bay in Dorchester County, MD,
United States (Figure 1A). Previous studies at the USFWS BNWR
identified a history of transgression at sites with average upland
slopes of less than 0.004, and in the past 150 years, marshes have
migrated into the uplands at a rate of ∼2 m per year (Schieder
and Kirwan, 2019). Since 1938, ∼2,000 hectares of marshland was
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FIGURE 1 | (A) Map of Chesapeake Bay region with an overlaid topobathymetric digital elevation model that displays elevation of areas <5.0 m NAVD88, from the
United States Geological Survey’s Coastal National Elevation Database (Danielson and Tyler, 2016). Inset black box shows the position of the transgression
experiment at the Blackwater National Wildlife Refuge on Maryland’s Eastern Shore of the Chesapeake Bay. (B) Site map showing Moneystump Swamp (yellow star)
at the Blackwater National Wildlife Refuge situated on Beaverdam Creek, a tributary of the Chesapeake Bay, where the transgression experiment took place.
(C) Aerial image of the Moneystump transgression experiment taken in 2018. The Control area is on the right side of the image where there are live trees, showing
the natural gradient of pine forest transitioning to emergent brackish marsh. The overlayed rectangle shows the area where trees were killed via girdling (Credit: Tyler
Messerschmidt). (D) Picture taken from within the ghost forest in the high marsh at Moneystump, looking parallel to the marsh forest boundary with the live forest to
the right and the marsh extending out to the left. These trees are a sign of natural transgression that has occurred at this site (Credit: David C. Walters).

lost within the refuge (∼50% of its original extent), but that loss
was partially offset by a gain of ∼1,200 hectares (∼30%) from
upland areas converting to marsh (Scott et al., 2009). BWNR is
largely characterized by brackish marsh with dead and dying trees
(ghost forests) embedded in the landscape, further signifying it as
a hotspot of both marsh loss due to sea level rise and marsh gain
due to transgression.
Moneystump Swamp, the USFWS BNWR property where
this study takes place, is located on Beaverdam Creek which
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is a tributary of the Choptank River (Figure 1B). The average
diurnal tide range at the site is 0.51 m, with a mean higher
high water level of 0.34 m North American Vertical Datum
1988 (NAVD88), a mean water level of 0.12 m NAVD88, and
an average salinity of 9.2 Practical Salinity Units (PSU) with a
standard deviation of 3.3 PSU (Carr and Guntenspergen, 2020).
The Moneystump property spans an elevation and ecological
gradient that includes a large brackish marsh to the south and
forested upland to the north. The vegetation transitions from low
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marsh to the south adjacent to Beaverdam Creek—dominated
by Spartina alterniflora, Juncus roemerianus, and Schoenoplectus
americanus—to high marsh to the north adjacent to the upland
forest—dominated by Spartina patens and Distichlis spicata. Near
the marsh-upland forest boundary (picture in Figure 1C) there
is a prominent ghost forest, with standing dead trees in the high
marsh community (Figure 1D). Then at the transition from the
high marsh to the forest, a narrow band of shrubby species such
as Morella cerifera and Iva frutescens dominates. The upland
forest canopy is a nearly monoculture stand of Pinus taeda (a
facultative species—Lichvar et al., 2016) with little understory
growth (Figure 2, control), and an average upland slope of
∼0.008. The U.S. Geological Survey (USGS) established longterm surface elevation tables (SETs) at this site in the year 2000
along an elevation gradient from the low marsh into the upland.
Over the course of 15 years monitoring the site, tree mortality
and subsequent transition to wetland vegetation were observed
in the higher elevation plots, identifying this site as an area
of active transgression that would be an ideal location for a
transgression study.

Experimental Design
This experiment to understand the role of disturbance in marsh
transgression was initiated in the summer of 2014 with the cutting
and girdling of all live trees in designated areas at Moneystump
Swamp by the USWS BWNR. The goal was to simulate a
large-scale disturbance that could potentially induce changes in
ecohydrological feedbacks such as changes in evapotranspiration
rates that would influence salinity and inundation. To accomplish
this, the size of the treatment areas had to be large beyond
the scale of a mere mesocosm experiment. Therefore, with
permission from the refuge, disturbance treatments were applied
to whole sections of forest, killing off every tree within a
large, forested area. In one 1.2-hectare portion of the forested
study area, all trees were cut down by hand and harvested,
in another 1.1-hectare portion, the trees were girdled at breast
height by stripping the bark and cambium in a circle at the
base of tree killing it slowly by terminating nutrient flow,
and in another portion (1.1 hectares), the trees were left alive
as a control area (Figure 2A). The scope of this large-scale
environmental manipulation provides a unique opportunity

FIGURE 2 | (A) Pictures taken from Moneystump Swamp transgression experiment (Cambridge, MD, United States) in the highest elevation bin in the Cut treatment
area immediately after the trees were cut down in 2014, the Girdled treatment area immediately after the bark was stripped from the trees to slowly kill them in 2014,
and the Control area where the trees were left alive (Photo credit: Patrick Brennand). (B) Schematic showing typical vegetation zonation at Moneystump along
elevation gradient spanning from the low marsh into the high forest, and how those ecotones align with the elevation bins chosen for the transgression study
(graphics from Integration and Application Network, ian.umces.edu/media-library).
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were re-assigned such that there were four to six long-term
vegetation plots in each elevation bin, for a total of 76 plots. Each
vegetation plot consisted of a 1 m × 2 m quadrat for monitoring
herbaceous vegetation and an overlapping 2 m × 5 m quadrat for
monitoring shrubs, with the long side of plots oriented parallel
to the elevation contour. For this study, shrubs were defined as
woody plants that have a maximum height of less than 4 m tall
with a diameter at breast height (DBH) of less than 2.5 cm. Over
the 5-year duration of the experiment, the herbaceous vegetation
was sampled three times per year in the spring, summer, and fall,
while the shrub plots were sampled once per year in the fall.
At each plot, the presence of each species was recorded along
with an estimate of the percent basal cover, or the proportion
of the ground obscured by a species’ aboveground leaves and
stems (Coulloudon et al., 1996). Percent cover was estimated
following the cover class approach of the Daubenmire method
(Daubenmire, 1959), with each species evaluated independently
allowing for the possibility of the sum of cover classes in a
plot exceeding 100% as plant covers from different species can
overlap one another. The height of the tallest individual was also
recorded for each species present. All the same measurements
were recorded for the species that were identified in the shrub
plot. For P. taeda, in addition to cover class and height, the total
number of individuals rooted within the plot was counted for
each survey, as it is the dominant tree species in this study and
the density of individuals and rate of mortality is potentially an
indicator of forest health and recovery.

to test the application of ecological theories such as presspulse disturbance in a coastal forest setting. The two different
treatments (Cut and Girdled) simulate natural tree mortality
events where the effect of a gradual (Girdled) and immediate
(Cut) change in conditions can be observed over time and can test
the impact of tree mortality on migration and establishment of
wetland vegetation upslope. In the case of the Cut treatment area,
the removal of the forest canopy produces an immediate change
in the light environment, such as would happen from a strong
windstorm. Whereas in the case of the Girdled treatment area, the
light environment changes more gradually as the foliage, limbs,
and eventually tree trunks fall over time, thus gradually opening
the canopy, as would happen from a storm surge that resulted in
inundation and/or salt spray killing the trees. The marsh adjacent
to each forested area in the study was left unchanged, as there
were no trees to girdle or cut.
Each treatment area in the study area was then sub-divided
into five elevation bins, reflecting the natural elevation-ecotone
gradient (Figure 2B). The topographic elevation ranges were
identified via Real Time Kinematic (RTK) surveying in the open
canopy portions of the site where there is available satellite
coverage, and a DNA03 Digital Laser Level referenced to known
elevation benchmarks for the forested portion. The identified
elevation ranges for each ecotone were: bin 1—high forest (0.60–
0.72 m NAVD88), bin 2—low forest (0.54–0.60 m NAVD88),
bin 3—transition (0.44–0.51 m NAVD88), bin 4—high marsh
(0.39–0.43 m NAVD88), and bin 5—low marsh (0.31–0.40 m
NAVD88) (Figure 2B and Supplementary Table 1). The average
change in surveyed elevation from the marsh-forest transition in
bin 3 to the high forest in bin 1 is 0.008. Across each elevation
bin, in each treatment area, vegetation, water level, and light
level were monitored.

Statistical Analyses
To compare the level of plant biodiversity across treatments,
Shannon’s diversity index (H0 ) was calculated for each plot,
as a function of the number of species in the plot (s) and
the plant cover proportion (p) of each individual species (i)
(Begon et al., 2006):

Environmental Variables
Change in light level was monitored over the course of the
experiment with HOBO Pendant light loggers, deployed at each
vegetation plot attached to polyvinyl chloride (PVC) poles at a
height of 1 m above the ground. Inundation was measured with
an array of continuously recording HOBO and Solinst water
level loggers deployed in slotted PVC groundwater wells. One
well was placed in each elevation bin in each treatment area to
track the influence of elevation and changes in vegetation on
inundation. Continuously recording Solinst salinity loggers were
deployed in 2020 in upland forest bin 1 of each treatment area
and in transition bin 3 and low marsh bin 5 of the Control
to monitor how salinity varies with elevation. Monitoring
groundwater salinity provides information to determine if
reduced transpiration due to tree mortality leads to an increase
in saltwater intrusion into the upland, in addition to natural
processes influencing saltwater intrusion such as sea level rise,
storm surge, and drought.

H0 = −

pi ln pi

i=1

The presence and extent of wetland vegetation were analyzed
through the use of the wetland prevalence index. Prevalence
index (PI) is a metric of average species type which can be
applied to wetland vegetation (Lichvar and Gillrich, 2014). PI is
calculated by taking a weighted average of the cover class of all
species (S) within a plot, weighted by wetland indicator status,
from 1 for obligate wetland species (obl), to 2 for facultative
wetland (facw), 3 for facultative (fac), 4 for facultative upland
(facu), and 5 for upland (upl) (Lichvar et al., 2016):

Sobl + 2Sfacw + 3Sfac + 4Sfacu + 5Supl

PI =
Sobl + Sfacw + Sfac + Sfacu + Supl
Prevalence index values reflect the wetland indicator status
of the vegetation community in the plot as a whole, from
obligate wetland to upland vegetation. Values of less than 2.5
indicate a moderate probability that a vegetation community is
wetland, and values less than 2 indicate a high probability that
a vegetation community is wetland. H0 and PI were calculated

Vegetation Field Surveys
Within each of the five elevation bins in each of the treatments,
there were initially five vegetation plots established. However,
upon conducting a higher precision integrated total station-RTK
survey to better constrain the narrow elevation ranges, the plots
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for each vegetation survey that was done at each plot throughout
the duration of the experiment. Analysis of variance was used
to test for differences in PI and H0 across treatment areas
and elevation bins.

RESULTS
Light Environment
The measured light level was consistently low in the Control
treatment with an intact overstory tree canopy. Only 21% of
available light (determined by the maximum light levels recorded
in un-shaded marsh plots) reached the 1 m level in high forest
bin 1, the lowest light level recorded anywhere in the experiment.
The next lowest light level was recorded in low forest bin 2
which is closer to the forest edge, and then in transition bin 3
where the canopy cover is thinnest (Supplementary Figure 1).
No interannual trend in light environment was observed over
the duration of the experiment in the Control. The Girdled
forest initially had similar ranges of light levels as the Control
(with light increasing from bin 1 to bin 3) then increased to
maximum levels in 2018 as dead tree limbs fell and opened
the canopy further, until it then began to decrease as new
vegetation re-grew and shaded the sensors in 2019. The Cut forest
by comparison experienced initially high light levels reaching
close to the maximum light level in 2016 as the forest canopy
was completely removed, then steadily decreased over time as
vegetation continued to re-grow and shade the sensors. Overall,
the trends show that the Cut forest resulted in an immediate
increase in available light reaching the understory vegetation,
while the Girdled forest resulted in a gradual increase in available
light over several years.

FIGURE 3 | Shows change at Moneystump Swamp transgression experiment
(Cambridge, MD, United States) from clear-cut state immediately after tree
cutting (top left, photo credit: Patrick Brennand) to tree regrowth after 5 years
post-recovery (top right, photo credit: David C. Walters) and change from
standing dead pines immediately after girdling (bottom left, photo credit:
Patrick Brennand) to tree regrowth amongst standing dead trunks after
5 years post-recovery (bottom right, photo credit: David C. Walters). 2020
photos include a 5 m staff positioned at the first row of live pines for scale.

pine trees have largely recolonized the disturbed areas (Figure 3,
right). Re-growing from seedlings, P. taeda has recovered to the
point of once again being the dominant vegetation cover in the
upland plots. P. taeda was never found above trace amounts in
the low elevation plots (bins 4 and 5) where any seedling that
did germinate died off shortly thereafter. Thus, the analysis of
P. taeda growth and recovery focuses on the potential habitable
range of the mid and high elevation plots (bins 1, 2, and 3).
In both the high forest and low forest understory (bins 1 and
2), P. taeda has shown a positive rate of recovery in cover and
height (Figure 4). Cover increased linearly for the first 3 years
as the seedlings took advantage of the increased availability of
light and grew into saplings, before plateauing at a maximum
level in 2018 (Figure 4, top left and middle left). In the transition
zone (bin 3), P. taeda did not show any recovery via increasing
cover in the Cut treatment (Figure 4, bottom left). However, in
the Girdled treatment, P. taeda did recover to an average cover
of 48% of the plot area in 2019. Ground cover of pines in the
Control did not change from near zero, which is representative
of trace amounts of sporadic seedlings, over the course of the
experiment. However, the mature forest canopy was unchanged
in the Control treatment with a sustained population of fully
mature live P. taeda. The increase in cover of the P. taeda
seedlings and saplings in the Cut and Girdled treatments reflects
the recovery and recolonization of a healthy pine forest.
The recovery of P. taeda can also be tracked through the
increase in the height of the tallest individual of each plot
(Figure 4, middle column). The increase in height is greatest
in the Girdled and Cut treatments in upland bins 1 and 2 and
the Girdled treatment transition bin 3, with an average height in
2019 of 2.0 m, and an average growth rate of 0.5 m/year. Control
upland and transition (bins 1, 2, and 3) do not have discernible
positive growth rates. This is because these plots contained

Water Level and Salinity
Inundation measured from the groundwater wells was largely
controlled by elevation (elevation effect P < 0.017) with average
recorded inundation levels ranging from 50% in bin 5 to less than
1% in bins 1 and 2 (Supplementary Figure 2). There was no
significant difference (F = 0.002, P = 0.998) between inundation
levels in the different treatment areas in the upland elevation bins
(bins 1, 2, and 3) with an average inundation of 1.2, 1.3, and 1.2%
for the Control, Girdled, and Cut, respectively. Salinity values did
not increase in the disturbed forest areas (bin 1) relative to the
Control, with average values of 0.5 PSU, 0.8 PSU, and 1.2 PSU
in the Cut, Girdled, and Control groundwater wells, respectively,
and in fact Control salinity is greater than the salinity in the
disturbed forest (P < 0.01). Groundwater salinity is greater in
the marsh-upland forest transition (Control bin 3) at 9.3 PSU and
greatest in the marsh (Control bin 5) at 11.2 PSU. Therefore, there
was no treatment effect in the disturbed forest areas in flooding or
salinity relative to the Control, but both salinity and inundation
increase with decreasing elevation, regardless of treatment.

Forest Recovery
After the Cut and Girdled treatments were initiated in 2015,
there were no live mature loblolly pines (P. taeda) remaining
within the treatment areas (Figure 3, left). In the 5 years since,
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FIGURE 4 | Multiple metrics to represent forest recovery (e.g., pine tree regrowth) at the Moneystump Swamp transgression experiment (Cambridge, MD,
United States) over time for the high forest (bin 1), low forest (bin 2), and marsh forest transition (bin 3). (A) Change in cover class over time for understory P. taeda
seedlings and saplings. (B) Change in height for tallest understory P. taeda in each plot. (C) Count of individuals in the understory, or density of P. taeda per 2 m2
plot. Each plot is color-coded for treatment, red is Cut, green is Girdled, and blue is Control. Trend lines depict Loess-smoothed local polynomial regression, with the
shaded area around the trend lines showing the standard error.

understory P. taeda prior to the onset of the experiment that
showed little to no signs of growth over the course of the
experiment, as they are light limited due to forest canopy cover.
The count of individual P. taeda plants in the understory
of each plot demonstrates the change in density over time as
seedlings take root and die off. In the Cut and Girdled treatment,
upland plots (bins 1 and 2), there were high recruitment rates
at the beginning of the experiment (Figure 4, right column).
After the first year, the density of seedlings in the Girdled
upland plots decreased, as the increase in height and cover
of the fastest growing individuals shades out the slower ones.
Density of P. taeda is lower in the transition (bin 3) for each
treatment area (Figure 4, bottom right) due to a high rate of
mortality for seedlings, likely caused by increased inundation or
salinity relative to the higher elevation bins. The light-limited
Control plots also maintained consistently low density of P. taeda
seedlings. Overall, these trends demonstrate that recruitment
of P. taeda seedlings is sufficient for recruitment to outpace
mortality in the upland (bins 1 and 2), leading to sapling growth
on a trajectory toward full forest recovery.

diverse herbaceous vegetation to colonize due to the opening of
the canopy environment have an average Shannon’s Index of 1
(Supplementary Figure 3). Herbaceous grasses such as Panicum
virgatum and Chasmanthium laxum are the most prevalent of
the early colonizers of the disturbed areas, before they are
outcompeted by the recovering P. taeda (Figure 5). In the marsh
forest transition (bin 3) of both the disturbed areas and the
Control, shrubs M. cerifera and I. frutescens are prevalent, but the
most common species are still grasses such as P. virgatum and
common high marsh grasses such as D. spicata and S. patens. The
marsh (bins 4 and 5) contains a less diverse plant community with
an average Shannon Index of 0.8, where only salt and inundation
tolerant species are found, mostly S. patens and D. spicata in
bin 4, and S. americanus in bin 5 (Figure 5). However, the
upland Control plots (bins 1 and 2) have the least diversity
with a Shannon’s Index of 0.4, and the vegetation community is
dominated by mature loblolly pine P. taeda and the understory
vegetation is made up of sporadic C. laxum and P. taeda seedlings.
While the Cut and Girdled upland plots in bins 1 and 2 had
greater diversity relative to the Control, wetland grasses were not
among the species that colonized those areas.

Plant Community
Hydrophytic Vegetation

The survey of the understory vegetation identified 70 distinct
species and shows that the diversity is greatest in the upland and
transition disturbed areas (i.e., the Cut and Girdled treatments)
and marsh-upland forest transition across all treatment areas
(one-way ANOVA P = 0.0003). Upland bins 1 and 2 in the
Cut and Girdled, where forest disturbance allowed for more
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The most prominent species that occurs in the upland
environment in this study area is P. taeda, which is classified
with a wetland indicator status of facultative (Lichvar et al.,
2016). According to the National Wetland Plant List (Lichvar
et al., 2016), a facultative status indicates an equal likelihood of
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P = 0.90, treatment effect P = 0.10, elevation effect P = 0.006,
Figure 6). Bins 1 and 2 have the highest PI with no difference
between treatments and an average of 2.6 ± 0.4, indicating a
community with facultative species on average. The transition
plots (bin 3) of the Girdled and Control treatments have the
next highest PI’s with an average of 2.3 ± 0.6, indicating a
vegetative community tipping toward facultative wetland species.

occurring in either wetland or upland. The Prevalence Index (PI)
provides a view of the gradient of hydrophytic vegetation that
occurs within this site, since it subdivides hydrophytic vegetation
along the gradient from facultative to obligate wetland species.
According to the PI, wetland vegetation follows the expected
elevation gradient across treatment areas and does not appear
to have shifted over time (two-way ANOVA interaction effect

FIGURE 5 | Plant cover over time for the six species with the highest total cover in the study area at Moneystump Swamp transgression experiment (Cambridge,
MD, United States) over the course of the experiment (see legend), broken down by elevation bin (bin 1 on the left, bin 3 in the middle, and bin 5 on the right,
showing only the high forest, transition, and low marsh, respectively, for simplicity) and treatment (Cut on top, Girdled in middle, and Control on bottom). A value of 1
represents complete coverage of all vegetation plots, and a value of zero represents complete absence from all vegetation plots. Trend lines depict Loess-smoothed
local polynomial regression.

FIGURE 6 | Wetland vegetation dynamics as a function of elevation and forest disturbance with Prevalence Index (PI) for the occurrence of hydrophytic vegetation
versus elevation, color-coded by treatment area for (A) the first year of the experiment (2015) and (B) the last year (2019). PI values greater than 2.5 indicate a low
probability a site is a wetland, values between 2 and 2.5 indicate a good probability that a site is a wetland, and values less than 2 indicate a high probability that a
site is a wetland. Boxplot centerline represents the median value of the data, the upper and lower box sides represent the 25th and 75th percentile datapoints, the
whiskers extend to the largest and smallest values within the 1.5 interquartile range of the 25th and 75th percentile, and all remaining points are plotted as outliers.
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The transition of the Cut treatment has the lowest PI of all the
treatments outside of bins 4 and 5, with an average of 1.6 ± 0.5,
which suggests a high probability that the site is a wetland. Of
course, bins 4 and 5 have the lowest PI (1.3 ± 0.3), indicating
mostly obligate wetland species. There was not a single vegetation
survey over the 5 years of the experiment where the average PI
of any of the Girdled, Cut, or Control upland bins (bins 1 and
2) was less than 2 (Supplementary Figure 4), indicating that
wetland vegetation was not able to establish in the upland at
any point.
The disturbed forest plots in Cut and Girdled upland elevation
bins 1 and 2 showed no trend toward the occurrence of more
wetland vegetation over time (Figure 7). Several individual
plots in the Cut and Girdled upland bins recorded PI’s in the
range of wetland vegetation (1.5–2) within the first 2 years of
the experiment, but on average the PIs were no different or
greater than those in the Control plots. There was a greater
range in PI of the experiment in the Cut and Girdled prior
to 2017—there were plots with PI values greater than 3 and
less than 2—as the diversity was higher before pine recovery
had established as the dominant cover type (Figure 5). From
2017 onward, no individual plot in the upland elevation bins
1 and 2 recorded a PI of less than 2 (Figure 7), as the
pine saplings shaded out any potential for wetland species
colonization and the vegetation among the plots became
more uniform.

dynamics in an ecosystem are associated with the potential
for strong non-linear behavior, whereby a small change in an
environmental driver can lead to rapid shifts in ecosystem
structure. Moreover, these systems are known to possess limited
resilience in the sense that a disturbance or sequence of
disturbances could shift the system past some critical threshold
into an alternative state, whereby the original system state is
unable to recover even if the disturbance is removed (Scheffer
et al., 2001; van Nes and Scheffer, 2004). However, in this
study, we observed a forest in a stable state which was able to
recover following disturbance, suggesting that there are negative
feedbacks increasing resiliency.
Across the marsh-upland forest, ecotones are gradients in
light availability, inundation, and salinity which are affected
by both the state of the system and environmental drivers.
For example, near the edge of tidal inundation, overstory
tree canopy loss could lead to increased salinity due to
increased surface evaporation leading to potential further
canopy loss or tree mortality as well as the inhibition
of pine seedling establishment (Kurz and Wagner, 1957).
Halophytic vegetation can contribute further to soil salinization
(Sternberg et al., 2007; Wendelberger and Richards, 2017).
Alternately, increased evapotranspiration due to the presence
of herbaceous vegetation could lower the water table helping
to facilitate seedling establishment (Poulter et al., 2009), which
could be the cause of reduced groundwater salinity in the
disturbed forest plots in our experiment. Our experiment
uniquely tested the presence of alternative stable states by
disturbing an established forest canopy (state 1) and measuring
potential marsh establishment (state 2) at a scale large enough
(>3 hectares of pre-treatment forested area) to potentially
influence the light and water resources thought to govern the
transition between states. However, we observed no difference
in inundation between treatment areas, decreased groundwater
salinity in the disturbed forest areas relative to the control,
rapid pine re-growth (Figure 4) and little change in wetland
prevalence across zones (Figure 6), indicating that dominant
system states recovered quickly following disturbance, and that
disturbance alone was not sufficient to induce an ecosystem
state change.
The interplay of positive feedbacks, ecosystem state, and
environmental drivers can lead to an “ecological ratchet”
conceptual model of marsh transgression (Fagherazzi et al.,
2019), whereby the coastal forest exists in zones determined
by forest regeneration (i.e., the regenerative zone), or where
seedling establishment ceases but mature trees are able to persist
(i.e., the persistence zone). In this experiment, manipulated
plots showed pine forest recovery in high elevation bins and
the increase in height of the pine seedlings and subsequent
saplings in the Girdled and Cut areas relative to the Control
illustrates the trajectory of the plant community toward mature
adult pines (Figure 4). This recovery suggests that these upper
elevation bins exist within the regenerative zone where seedlings
are able to establish and forest succession can occur (Kearney
et al., 2019). This experiment is an ideal test for the concept
of a persistence zone because the light restriction that might
otherwise prevent regeneration has been removed. However,

DISCUSSION
Positive feedbacks between limiting resources and system state
can lead to ecosystem dynamics that exhibit alternative stable
states (Wilson and Agnew, 1992). Alternative stable state

FIGURE 7 | Change in Wetland Prevalence Index (PI) over time in upland
elevation bins 1 and 2, color-coded by treatment. PI values greater than 2.5
indicate a low probability a site is a wetland, values between 2 and 2.5 indicate
a good probability that a site is a wetland, and values less than 2 indicate a
high probability that a site is a wetland. Points represent the PI calculated from
each vegetation survey conducted for each single vegetation plot in upland
bins 1 and 2. Trend lines depict Loess-smoothed local polynomial regression,
with the shaded area around the trend lines showing the standard error.
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transgression was not facilitated in this experiment, likely due
to a lack of enabling environmental stressors. Press stressors
such as inundation level and soil salinization must cross a
critical environmental threshold before wetland vegetation can
outcompete tree seedling recovery. Wasson et al. (2013) observed
a gradual movement of a total of 1 m of the marsh-upland
forest transition ecotone over the course of a 10-year period
in a California estuary, which was found to correlate with an
increase in inundation from 2 to 4%. Despite very different
slope conditions, this aligns well with the 3% inundation rate
observed in the transition ecotone in our study, which also
compares closely with the 3.6% inundation where Anisfeld et al.
(2017) observed a transition from marsh to upland vegetation
zones in a Long Island Sound salt marsh. This suggests that
areas with inundations of less than 2% are unlikely to transition
to marsh following a disturbance. However, elevation change
and the water level inundation signal can feedback on one
another, due to potential root zone collapse following forest
disturbance (Cahoon et al., 2003). Alternatively, forest thinning
has been shown to lead to elevation gain due to increased
root production by colonizing understory vegetation (Chen
et al., 2021). Also, certain seedlings of coastal tree species
have been killed by high saline soils in north Florida, but
then resprouted after salinity decreased when flushed with
freshwater (Williams et al., 1998). This effect of saline soils
suggests that the deposition of salt following storm surges
is an important aspect of disturbance events, that leads to
transgression, because even if salt deposition occurs in an area
with low frequency of tidal inundation, it can create a delay
in the recovery of tree seedlings that allows time for marsh
plants to establish.
Loss of the forest canopy removes light limitation and results
in the germination and establishment of a greater variety of
plant species, suggesting that aboveground light competition
outweighs belowground nutrient competition between species.
However, if the overstory tree canopy recovers, the subsequent
light limitation results in the establishment of a shade-tolerant
plant community, regeneration of overstory tree species, and
loss of marsh species which are shade intolerant. However,
changes in salinity and flooding (press disturbances) can
inhibit the regeneration of tree seedlings and allow marsh
plants to become established. Over the duration of this
experiment, loss of the tree canopy led to an initial increase
of plant species diversity, but the absence of changes in
soil salinity or site inundation (pressure disturbances) led to
the germination and growth of the overstory tree species
(P. taeda) and shading of the plant species that established
initially (Figure 6).
A current paradigm in coastal ecology is that coastal forests
follow a punctuated equilibrium response to sea level rise,
where adult trees are generally resistant to gradual increases
in inundation and salinity, and that rapid retreat follows
episodic disturbance events (Williams et al., 1999; Fagherazzi
et al., 2019; Kirwan and Gedan, 2019). For example, fast
periods of forest retreat punctuated gradual forest retreat in
portions of the Chesapeake Bay and Albemarle-Pamlico Sound
estuaries following Hurricanes Katrina and Irene, respectively

across this low slope environment, the only location where the
removal of mature trees did not result in complete regeneration
was in the transition bin 3 (Figure 6), but this transition zone
is located at the forest edge where removal of the remaining
forest canopy had less of an impact on the light environment
(Supplementary Figure 1). Moreover, the transition zone is a
relatively narrow zone characterized by edge effects, and is not
an extensive persistent zone where adult trees are underlain by
marsh vegetation, suggesting that a prior transgressive event
may have already pushed the trailing edge of the persistence
zone up into the leading boundary of transgression, but further
data are needed to test this hypothesis. As such, there is
at most only a narrow band of elevation at this site where
there is potential for wetland species to colonize and persist
in the forested areas under current environmental conditions
(Jackson et al., 2009). The lack of strong coastal marsh plant
species response suggests that the shift in biotic and abiotic
factors in the upper elevation bins of the experiment was not
enough, and/or not fast enough, to induce a state change
(Field et al., 2016).
This study site falls well within the range of low slope
environments around the Chesapeake Bay where transgressions
can occur rapidly (Schieder and Kirwan, 2019; Molino et al.,
2021). However, it has been noted that even in low slope
environments, transgression sometimes occurs slowly into
forested upland areas (Schieder et al., 2018). This lack of
transgression is likely not due to seedbank limitation as marsh
species exist in the seedbank of the upland forest environment
within this region and this study site (Kottler and Gedan,
2020), suggesting that competition between marsh and upland
vegetation, rather than inadequate seed supply, may have limited
the ability of marsh vegetation to become established in our
experiment. While the opening of the canopy provided an
opportunity for marsh species colonization, increases in the light
environment and consequent environmental changes were not
sufficient to push the system past a critical threshold where
marsh species could establish and thrive as evidenced by the
lack of marsh species across all upland manipulation and control
plots (Figure 7). Even in elevation bin 3, where the transition
between marsh vegetation and forest vegetation occurs and both
upland and marsh species are found, removal of the canopy
did not shift the vegetation composition (Figure 5). This study
de-emphasizes the potential importance of episodic disturbance
events that drive transgression on the century time-scale (Young,
1995), accompanied by changes in salinity and inundation.
Pulse disturbances, including storms (Gardner et al., 1992;
Ross et al., 2009; Wang and Xu, 2009), drought (Desantis
et al., 2007; NeSmith et al., 2018; Ury et al., 2021), wrack
deposition (Tate and Battaglia, 2013), and changing hydroperiod
(Antonellini and Mollema, 2010), are viewed as a first step
in the conversion of coastal forests to salt marsh. However,
press disturbances—such as gradual saltwater intrusion and
changes in flooding—interact with pulse disturbances because
they alter the recovery from the pulse disturbance by changing
the environmental setting of the forested habitat so that tree
regeneration fails and halophyte vegetation successfully colonizes
a site (Fagherazzi et al., 2019). Despite the disturbance treatments,
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(Schieder and Kirwan, 2019; Ury et al., 2021). However, recent
numerical modeling suggests that the interplay between sea level
rise and disturbance events depends on local conditions such as
topographic slope and the rate of sea level rise, and emphasizes
the potential for regeneration of forests after disturbance
events (Carr et al., 2020). Our large-scale field experiment
uniquely disturbed the forest canopy without directly altering
environmental factors such as salinity that would accompany
sea level rise in natural systems, and therefore isolates the
effect of disturbance alone. Interestingly, we found increased
light availability led primarily to a release of upland rather
than wetland plant species, and that potential ecohydrological
feedbacks associated with tree mortality were not sufficient to
induce state changes. Thus, our work illustrated rapid recovery
of a forested ecosystem, and suggests that disturbance alone is
not sufficient for transgression to occur.
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